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Abstract—In this study, a first-order radiative transfer (RT)
model is developed to more accurately account for vegetation
canopy scattering by modifying the basic τ−ω model (the zero-
order RT solution). In order to optimally utilize microwave ra-
diometric data in soil moisture (SM) retrievals over vegetated
landscapes, a quantitative understanding of the relationship be-
tween scattering mechanisms within vegetation canopies and the
microwave brightness temperature is desirable. The first-order
RT model is used to investigate this relationship and to perform
a physical analysis of the scattered and emitted radiation from
vegetated terrain. This model is based on an iterative solution
(successive orders of scattering) of the RT equations up to the first
order. This formulation adds a new scattering term to the τ−ω
model. The additional term represents emission by particles (veg-
etation components) in the vegetation layer and emission by the
ground that is scattered once by particles in the layer. The model
is tested against 1.4-GHz brightness temperature measurements
acquired over deciduous trees by a truck-mounted microwave
instrument system called ComRAD in 2007. The model predictions
are in good agreement with the data, and they give quantitative
understanding for the influence of first-order scattering within the
canopy on the brightness temperature. The model results show
that the scattering term is significant for trees and modifications
are necessary to the τ−ω model when applied to dense vegetation.
Numerical simulations also indicate that the scattering term has
a negligible dependence on SM and is mainly a function of the
incidence angle and polarization of the microwave observation.

Index Terms—Emission, microwave radiometry, scattering, soil,
vegetation.
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I. INTRODUCTION

SOIL MOISTURE (SM) is recognized as an important
component of the water, energy, and carbon cycles at the

interface between the Earth’s surface and atmosphere, yet it is
difficult to measure globally using traditional in situ techniques.
Several planned microwave space missions, most notably the
European Space Agency’s Soil Moisture and Ocean Salinity
(SMOS) mission (launched in November 2009) and NASA’s
Soil Moisture Active and Passive (SMAP) mission (to be
launched in 2014/2015), are focusing on obtaining accurate SM
information over as much of the Earth’s land surface as possible
[1], [2]. However, current baseline retrieval algorithms for
SMOS and candidate retrieval algorithms for SMAP are based
on an easily implemented but theoretically simple zero-order
radiative transfer (RT) approach called the τ−ω (tau–omega)
model [3]. The model includes components from the soil and
vegetation, but vegetation scattering is not represented properly.
This approach essentially places a limit on the density of the
vegetation through which SM can be accurately retrieved.

Both SMOS and SMAP have mission requirements to re-
trieve volumetric SM (VSM) to an accuracy of 0.04 cm3 ·
cm−3 through vegetation water content (VWC) of 5 kg · m−2.
These missions are expected to meet their requirement for
SM retrieval accuracy using the heritage τ−ω model approach
over approximately 65% of the Earth’s land surface where
the VWC does not exceed 5 kg · m−2. As the density of
vegetation increases, sensitivity to the underlying SM begins
to degrade significantly, and errors in the retrieved SM increase
accordingly. The zero-order τ−ω model also loses its validity
when dense vegetation (i.e., forest, mature corn, etc.) includes
scatterers, such as branches and trunks (or stalks in the case
of corn), which are large with respect to the wavelength.
Thus, knowledge of vegetation features at L-band (1–2 GHz)
appears to be of great importance in order to optimally utilize
microwave radiometric data in SM retrievals over vegetated
landscapes. The purpose of this paper is to develop a first-
order model that takes into account vegetation scattering more
accurately and that allows us to perform a physical analysis of
the scattered and emitted radiation from vegetated terrain.

In the presence of vegetation, the emission from soil is
attenuated and scattered by the vegetation, while the vege-
tation contributes its own emission. The question of how to
separate the soil component from radiometer data collected
over vegetated landscapes has been the subject of many papers
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[3]–[18]. In order to understand and interpret measured data,
several theoretical emission models have been developed and
successfully validated in many cases [5]–[8]. The common
approach to simulate the brightness temperature of vegetation
is the RT theory [19]–[22], which can treat single and multiple
scattering in a medium consisting of random discrete scatterers
uniformly located in the vegetation layer. The theory assumes
independent scattering and then disregards coherent effects.

A model based on the RT theory and the matrix-doubling
algorithm was implemented by Ferrazzoli and Guerriero [7]
and validated with experimental data. It considers the multiple-
scattering effects of the volume scattering and the interactions
between layers in the vegetation canopy and the underlying
ground surface. The various contributions are combined by
means of the matrix-doubling algorithm [21] to yield the
bistatic scattering coefficient of a forest canopy. The latter
was finally used to simulate the emissivity, through the energy
conservation law.

A physical model for vegetation canopies that generalizes the
restrictions imposed by earlier models with regard to the canopy
type, temperature profile, and sky radiation was developed by
Karam [8]. The vegetation is modeled as a multilayer random
medium above a rough surface. This multilayer model is based
on an iterative solution of the RT equations by using albedo as a
perturbation (small) parameter, and the brightness temperature
is expanded in a power series in albedo. Explicit expressions
for zero- and first-order solutions of the albedo expansion are
obtained. The model was validated with experimental data
acquired over corn and soybean crops and also used to simulate
emission from a walnut canopy. The first-order solution in
albedo is also shown to be equivalent to Peake’s emissivity
formula [23] for canopies having uniform physical temperature
profiles [8].

The Peake’s emissivity formula in conjunction with a single-
scattering approximation [24], which is called distorted born
approximation (DBA), was implemented by Saatchi et al. [5]
and Chauhan et al. [6] for a variety of land covers such as grass
and corn. The procedure for calculation of vegetation emission
is accomplished by first calculating the bistatic scattering cross
section for each type of scatterer and then using the DBA to
calculate the specular albedo of the ground and the diffused
albedo consisting of the scattering from the vegetation layer
and the surface roughness. Once the albedos are determined,
Peake’s principle relating active and passive problems is used
to determine the effective emissivity of the vegetation layer.

In this paper, a microwave radiometry model that considers
first-order scattering at L-band will be developed and validated
against experimental data. The model assumes that the vegeta-
tion canopy has a uniform temperature and the soil surface may
be rough. It is based on an iterative solution of the RT equations
by interpreting the scattering source function as a perturbation
to the nonscattering RT equations. This perturbation technique
is known as the method of “successive orders of scattering”
[25], [26]. The results are substantially simplified at L-band
by taking the first two terms of the expansion of the transport
result. It provides explicit expression for first-order scattering
and emission processes that occur within the canopy. This
formulation adds a new scattering term to the τ−ω model (the

zero-order RT solution). The additional term represents single
scattered radiation by particles in the vegetation layer due to
the emission generated by the ground and the particles in the
vegetation layer. The resulting model represents an improve-
ment over the standard zero-order solution since it accounts for
the scattered vegetation and ground radiation that can have a
pronounced effect on the observed emission and subsequent SM
retrieval.

In Section II of this paper, the problem of RT through a
discrete sparse medium is formulated by means of an iterative
approach. In Section III, explicit expressions for zero- and first-
order solutions of the successive orders of scattering expansion
are obtained, and scattering properties of tree stands are also
discussed. In Section IV, descriptions of instrumentation and
the field experiment along with ground-truth data are given.
In Section V, the zero- and first-order scattering solutions
are compared with microwave brightness temperature data
acquired over deciduous tree canopies in Maryland during
2007. Contributions of the individual scattering terms to the
tree scattering are demonstrated. Significant terms contributing
to forest scattering are identified, and their dependence on
incidence angle and SM is demonstrated. Finally, Section VI
summarizes the work presented in this paper.

II. BASIC PROBLEM FORMULATION

The starting point for microwave remote sensing of SM
through vegetation is often classical RT theory. The RT ap-
proach is a heuristic method based on the law of energy
conservation. The RT approach starts with the RT equation that
governs the transport of specific intensity through a scattering
medium. Due to the independent scattering assumption, RT
is inherently an incoherent theory; therefore, it supplies no
phase information and neglects any coherence effect. Because
of its simple and intuitive nature, the RT approach has found
widespread use in problems of passive microwave remote sens-
ing of SM under vegetation. Most microwave SM retrieval al-
gorithms developed for use at low microwave frequencies such
as L-band or 1.4 GHz are based on a zero-order RT approach
usually referred to as the τ−ω model, where vegetation effects
are parameterized by tau (the vegetation opacity) and omega
(the single-scattering albedo).

As previously mentioned, the applicability of the τ−ω model
to areas with a significant tree fraction is unknown, particu-
larly given its neglect of large scattering effects. It is likely
that this approach will need modification (in terms of form
or effective parameterization) to more accurately account for
canopy scattering. The fundamentals of the RT theory offer one
possibility on how to modify the τ−ω model. The tree canopy
can be envisioned as a random collection of discrete scatterers.
Assuming that the average phase functions of tree components
are known, together with their average forward-scattering cross
sections, the RT equations can be formulated. The RT equations
can then be solved iteratively up to the first-order scattering for
a tree canopy since L-band is sufficiently low frequency and
only single scattering will be important.

Fig. 1 shows an illustration of the forest model that will be
employed here. The forested terrain is considered as a random
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Fig. 1. Emission from a forest canopy over a rough ground.

medium of discrete lossy dielectric particles that are uniformly
distributed between a ground plane at z = −d and a diffuse
upper boundary at z = 0, where d is the canopy layer thickness.
The canopy is assumed to be over a homogenous dielectric
half-space with a relative dielectric constant εg , representing
the ground, and the interface between the ground and canopy
is allowed to be rough. The vegetation layer will be represented
as an ensemble of discrete scatterers with their orientation, size,
and position statistics in a free-space background. It is assumed
that scatterers of different kinds are uniformly located within
the vegetation layer. The vegetation components have canon-
ical shapes. The leaves are modeled as thin dielectric disks
[27], [28]. Branches and trunks are modeled as finite-length
dielectric cylinders of commensurate dimensions [29], [30].
The single-scattering characteristics of these constituents when
averaged determine the attenuation and scattering properties
of the canopy. The advantage of the discrete approach is that
the results are expressed in terms of quantities (plant geometry
and orientation statistics) that are related to the biophysical
properties of individual plants.

For most of the vegetated terrain, it can be assumed that the
orientation statistics for all scatterers are invariant in the az-
imuth coordinates. The specific intensity is thus only a function
of the observation angle θ, and the solutions of RT equations
are greatly simplified. It can also be shown that the third and
fourth Stokes parameters are zero due to azimuthal rotational
symmetry [20]. As a result, the vector transport equations can
be written as two scalar equations, one for each polarization.
The RT equations for up- and downwelling intensities are given,
respectively, by

cos θ
d

dz
Ip(θ, z)

= −κep(θ)Ip(θ, z) + κap(θ)CTv + Sp(θ, z) (1.a)

− cos θ
d

dz
Ip(π − θ, z)

= −κep(π − θ)Ip(π − θ, z)

+ κap(π − θ)CTv + Sp(π − θ, z) (1.b)

where Ip(θ, z) and Ip(π − θ, z) are the upward and downward
Stokes intensities for 0 ≤ θ ≤ π/2, respectively, including both

vertical (v) and horizontal (h) polarizations, i.e., p ∈ {h, v}.
The quantities κep(θ) and κap(θ) are the volume extinction and
absorption coefficients, respectively, for polarization p. The first
term at the right-hand side of (1.a) and (1.b) is due to the loss in
the layer, and the second term represents the thermal emission
contribution by the layer, which is equated to the radiation
absorbed by the layer assuming local thermal equilibrium. The
ambient temperature of the canopy is assumed to be uniform
and is given by Tv. The constant C is given by C = K/λ2

0,
where K is the Boltzmann constant and λ0 is the free-space
wavelength.

The emitted radiations experience the same amount of atten-
uation within the vegetation irrespective of whether they travel
in the angle of θ direction or the angle of π − θ direction.
This is due to the reciprocity property of the particles and the
azimuthal invariance to the particle rotation. As a result of
these symmetries, the following notations will be employed:
κep(θ) = κep(π − θ) and κap(θ) = κap(π − θ). By means of
the forward-scattering theorem, the average vegetation extinc-
tion coefficient can be written as

κep(θ) =
4π

k0

∑
α

ραIm
{〈

f
(α)
fpp

〉}
(1.c)

where the number density of the scatterer type α is given by
ρα and k0 is the wavenumber, i.e., k0 = 2πf0/c, with f0 being
the frequency and c being the speed of propagation in free
space. The angular brackets in this formula denote ensemble
average over the angular and size statistics of particles. The
leaves are represented by an average-size circular disk; hence,
the averaging is done for orientation angles only. The trunks
are vertical and have a typical size. No averaging is therefore
performed on trunks. The branch data are divided into several
groups, and each group has an average length and an average
diameter. Orientation averaging is then performed on each
branch group. Notice that, in this formula, f (α)

fpp is the forward-
scattering amplitude of the αth group of scatterers.

The last term at the right-hand side of (1.a) and (1.b) rep-
resents the scattering contribution by the layer. The upward
and downward scattering source functions Sp(θ, z) and Sp(π −
θ, z) couple the equations for h- and v-polarized intensities as
well as upward and downward radiations, and they are given by

Sp(θ, z) =

∫
2π

dΩ′
∑
q=h,v

{Fpq(θ, φ; θ
′, φ′)Iq(θ

′, z)

+Fpq(θ, φ;π − θ′, φ′)Iq(π − θ′, z)}
(1.d)

where the polarizations p and q can be horizontal (h) or vertical
(v) and the summation over q accounts for the possible polar-
ization combinations. A similar expression for Sp(π − θ, z) can
also be written by replacing θ with π − θ in (1.d). The inte-
gration in (1.d) is performed over 2π in the upper hemisphere,
where dΩ′ = dφ′dθ′ sin θ′. The collective phase function per
unit volume is given by

Fpq(θ, φ; θ
′, φ′) =

∑
α

ρα

〈∣∣∣f (α)
pq (θ, φ; θ′, φ′)

∣∣∣2
〉

(1.e)
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where the quantity f
(α)
pq (θ, φ; θ′, φ′) is the bistatic scattering

amplitude of the αth group of scatterers. This function de-
scribes the scattering properties from direction (θ′, φ′) into
direction (θ, φ).

The differential RT equations given in (1.a) and (1.b) will
next be converted into integral equations. First, multiplying
(1.a) by eκep(θ)z sec θ and integrating this from −d to z give

Ip(θ, z) = e−κep(θ)(z+d) sec θIp(θ,−d)

+ CTv

[
1− e−κep(θ)(d+z) sec θ

]
[1− ωp(θ)]

+ sec θ

z∫
−d

dz′eκep(θ)(z
′−z) sec θSp(θ, z

′). (2.a)

Similarly, multiplying (1.b) by e−κep(θ)z sec θ and integrating
this from z to zero give

Ip(π − θ, z) = eκep(θ)z sec θIp(π − θ, 0)

+ CTv

[
1− eκep(θ)z sec θ

]
[1− ωp(θ)]

+ sec θ

0∫
z

dz′e−κep(θ)(z
′−z) sec θSp(π − θ, z′)

(2.b)

where the above formulas are written in terms of the composite
scattering albedo, which is denoted by ωp(θ), by employing
energy conservation. This is the albedo of the average scatterer
in the canopy. It represents the fractional power scattered from
the average particle. The composite scattering albedo is given
by [20]

ωp(θ) = 1− κap(θ)

κep(θ)
=

∫
4π

dΩ′
∑
q=h,v

Fpq(θ, φ; θ
′, φ′)/κep(θ).

(2.c)

To cast the integral equations (2.a) and (2.b) into a form
suitable for iterative solution, the applicable boundary condi-
tions will be incorporated into these equations from which the
zero- and first-order solutions are driven. The vegetation upper
boundary is assumed to be diffuse, and there is no radiation
(from the upper atmosphere and cosmic background) going into
the vegetation layer, i.e., at z = 0

Ip(π − θ, 0) = 0. (3.a)

At the soil surface (z = −d), part of the downwelling radi-
ation is reflected by the surface, while the ground contributes
its own emission. The upward emission at the ground surface is
given by

Ip(θ,−d) = Rgp(θ)Ip(π − θ,−d) + [1−Rgp(θ)]CTg (3.b)

where Rgp and Tg are the ground reflectivity and ground
temperature, respectively. The tree site considered in this paper
(refer to Section IV-B) is composed of planted Paulownia trees,
and the ground under trees was relatively smooth. The surface
rms height was on the order of 0.5–1 cm, which was rather

low compared to the wavelength at L-band. As a result, only
coherent component of the roughness is important for this
study, and diffuse component is neglected. It is also assumed
that the rough surface under the forest follows Kirchhoff’s
approximation and has a Gaussian height distribution [31];
therefore, the reflectivity of the rough surface is expressed as

Rgp(θ) = Γgp(θ)e
−h cos2 θ, p ∈ {h, v} (3.c)

where Γgp(θ) is the p-polarized Fresnel reflectivity of the
average dielectric surface and the roughness height parameter
is given by h = 4σ2k20 , with σ being the surface rms height.
In addition to roughness, one should also consider moist litter
present on most of natural forest floors, which could alter
surface reflectivity significantly as verified by recent theoretical
and experimental studies [32]–[34]. In this paper, the litter
layer will not be considered since the experiment site under
investigation did not have litter layer.

Substituting the boundary condition (3.a) in (2.b), the down-
welling intensity at z within the vegetation layer is found as

Ip(π − θ, z) =CTv

[
1− eκep(θ)z sec θ

]
[1− ωp(θ)]

+ sec θ

0∫
z

dz′e−κep(θ)(z
′−z) sec θSp(π − θ, z′)

(4.a)

and substituting (4.a), evaluated at z = −d, into (2.a) with the
second boundary condition (3.b) yields the upwelling intensity
at z within the vegetation layer as

Ip(θ, z) =CTv

[
1− e−κep(θ)(z+d) sec θ

]
[1− ωp(θ)]

+ CTve
−κep(θ)(z+d) sec θRgp(θ)

×
[
1− e−κep(θ)d sec θ

]
[1− ωp(θ)]

+ CTge
−κep(θ)(z+d) sec θ [1−Rgp(θ)]

+ sec θ

z∫
−d

dz′eκep(θ)(z
′−z) sec θSp(θ, z

′)

+ sec θe−κep(θ)(z+d) sec θRgp(θ)

×
0∫

−d

dz′e−κep(θ)(z
′+d) sec θSp(π − θ, z′). (4.b)

Equations (4.a) and (4.b) are the starting equations for it-
eration. The objective of the problem is to solve for upward
propagating intensity at z = 0 iteratively and then transmit it
into the medium above the canopy layer.

III. SUCCESSIVE ORDERS OF SCATTERING

Iterative techniques to solve RT equations have been exten-
sively applied to microwave remote sensing of the Earth for
more than three decades. The classic books of this subject in-
clude those of Ishimaru [19], Tsang et al. [20], Ulaby et al. [21],
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and Fung [22], in addition to Karam’s article [8] published
in 1997. Iterative solutions of RT equations are described for
active and/or passive problems of random medium. The volume
scattering coefficient is usually considered small in these works,
and as a result, the first-order solutions for active and/or passive
problems refer to a first-order solution in volume scattering
coefficient.

In this section, a similar approach with a different choice
of small parameter is adapted to compute forest emission.
Basically, the scattering source function [given in (1.d)] is
interpreted as a perturbation to the nonscattering RT equations
as oppose to volume scattering coefficient. This perturbation
technique is known as the method of “successive orders of scat-
tering” [25], [26]. In this technique, the brightness temperature
is expanded into a series in terms of scattering mechanisms and
substituted in RT equations. Then, collecting terms to the same
order, the resulting RT equations are solved sequentially to the
higher orders. The procedure is as follows: The zero-order RT
solution is found by solving the nonscattering RT equations.
The first-order solution of the RT equation with respect to
the scattering source function is obtained by using the zero-
order RT brightness temperature as an exciting source. The
first-order solution is then substituted in the RT equations, and
the second-order solution is obtained. This process is repeated
to obtain higher order solutions which capture higher order
scattering processes. Higher order scattering terms are usually
not considered at L-band, and the results are substantially
simplified at L-band by taking only the first two terms of the
expansion of the transport result.

A. Zero-Order Solution (the τ−ω Model)

The zero-order solution represents the solution to the non-
scattering RT equations, where scattering is largely ignored by
setting the scattering source functions Sp(θ, z

′) and Sp(π −
θ, z′) in (4.a) and (4.b) to zero. In this approximation, the veg-
etation canopy is treated as an effective attenuating layer, and
the resulting equations for the up- and downwelling intensities
can be obtained as

I(0)p (θ, z) =CTv

[
1− e−κep(θ)(z+d) sec θ

]
[1− ωp(θ)]

+ CTve
−κep(θ)(z+d) sec θRgp(θ)

×
[
1− e+κep(θ)d sec θ

]
[1− ωp(θ)]

+ CTge
−κep(θ)(z+d) sec θ [1−Rgp(θ)] (5.a)

I(0)p (π − θ, z) =CTv

[
1− e+κep(θ)z sec θ

]
[1− ωp(θ)] . (5.b)

By using the relation between brightness temperature and
intensity, i.e., TBp(θ, z) = Ip(θ, z)/C, the brightness temper-
ature observed above the canopy (at z ≥ 0) can be written as

T
(0)
Bp (θ) = [1− γp(θ)] [1− ωp(θ)]Tv

+ γp(θ)Rgp(θ) [1− γp(θ)] [1− ωp(θ)]Tv

+ γp(θ) [1−Rgp(θ)]Tg. (6.a)

Here, T (0)
Bp (θ) is the zero-order RT brightness temperature

observed above the vegetation, Rgp is the microwave reflectiv-
ity given in (3.c), Tv and Tg are the physical temperatures of
the vegetation and soil, ωp(θ) is the composite scattering albedo
given in (2.c), and γp(θ) is the vegetation transmissivity which
is parameterized as (Beer’s law)

γp(θ) = e−τp(θ) sec θ (6.b)

where τp(θ) = κep(θ)d is the vegetation opacity or optical
thickness and θ is the observation angle from nadir.

Equation (6.a) is known in the SM community as the τ−ω
model [3]. Each term represents upwelling emission from the
layer, downwelling emission from the layer reflected from
the ground, and ground surface emission attenuated by the
vegetation layer, respectively. The effect of scattering on this
solution can be seen easily by assuming that vegetation and
ground temperature is the ambient temperature and regrouping
(6.a) in terms of albedo as

e(0)p (θ) =T
(0)
Bp (θ)/Tv

=
[
1− γ2

p(θ)Rgp(θ)
]
− ωp(θ) [1 + γp(θ)Rgp(θ)]

× [1− γp(θ)] (7)

where the first term represents the no scattering solution (in-
dependent of scattering albedo) and is also equivalent to the
zero-order solution of the albedo expansion for canopies having
uniform physical temperature profiles [8], [9].

Often, the albedo has been assumed to be either zero or small
under the assumption that the scattering contribution of low
vegetation such as grasslands and many agricultural crops is
negligible. Researchers have sometimes further simplified the
τ−ω model by setting albedo to zero and used the first term in
(7) for SM retrieval under vegetation [4].

It should also be noted that the presence of scattering [the
second term in (7)] induces darkening in the zero-order solution
since scattering hinders the emission from reaching an observ-
ing radiometer. To investigate the effect of the albedos of the
individual tree constituents (branches, trunks, and leaves) on
the zero-order solution, the scattering albedos of the deciduous
Paulownia tree components are calculated and plotted in Fig. 2.
The tree characteristics given in Table I of Section IV-B are
used to generate these plots. The left column of the figure shows
the angular and polarization dependence of the single-scattering
albedos for branches, trunks, and leaves from top to bottom,
respectively. In the second column, the branch contribution, the
branch and trunk collective contributions, and the contributions
of all of the tree constituents to the albedo are plotted in finer
scale from top to bottom, respectively. From these plots, the
following are shown: 1) The trunk albedo is highly angular
and polarization dependent; 2) the leaves have the lowest
albedo; and 3) the branches are the dominant constituents that
determine the composite scattering albedo. These results are in
agreement with theoretical findings [35] and also in agreement
with experimental observations [15].

The values of the branch albedos for both polarizations are
within the range of 0.5–0.6. This large albedo of a tree canopy
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Fig. 2. Angular and polarization dependences of the individual and com-
posite scattering albedos. The tree characteristics are provided in Table I of
Section IV-B.

causes scatter-induced reduction in brightness temperature, and
this scattering darkening effect for vegetation canopies (with
large scatterers) should be balanced with a scattering contri-
bution which is missing in (7). One solution to this problem
is to adapt the formula given in (7) for forests with effective
vegetation parameters tau and omega by fitting the experimental
data or simulation outputs of a multiple-scattering model [35].
The effective albedo will not be the albedo of single forest
elements anymore, but it becomes a global parameter, which
depends on all the processes taking place within the canopy,
including multiple scattering. In this paper, a different approach
is applied to correct this scattering contribution to the zero-
order solution by adding an extra term to (7), which will
represent the first-order scattering term.

B. First-Order Solution

The term first order refers to a first-order scattering in
scattering source function. The solution represents the single-
scattering solution, i.e., the radiated emission from the layer or
ground is scattered once by a scatterer. To find the first-order
solution, RT equations need to be solved for upwelling intensity
Ip(θ, z), and the solution will be evaluated at z = 0. The first-
order specific intensity at the vegetation upper boundary is
given by

I(1)p (θ, 0) = I(0)p (θ, 0) + sec θ

0∫
−d

dz′eκep(θ)z
′ sec θS(0)

p (θ, z′)

+ sec θe−κep(θ)d sec θRgp(θ)

×
0∫

−d

dz′e−κep(θ)(z
′+d) sec θS(0)

p (π − θ, z′) (8)

where S
(0)
p (θ, z′) and S

(0)
p (π − θ, z′) represent the upward

and downward scattering source functions, respectively, due

to the zero-order emission. These quantities are obtained by
substituting the zero-order scattering solutions (5.a) and (5.b)
into the scattering source function given in (1.d). Carrying out
the integrations in (8) over the canopy layer depth yields the
following emissivity formulation:

e(1)p (θ) = T
(1)
Bp (θ)/Tv = e(0)p (θ) + Ωp(θ) (9.a)

where the ambient temperatures of the vegetation layer and
the ground are assumed to be the same, e(0)p (θ) is the zero-
order solution as given in (7), and the parameter Ωp(θ) denotes
the additional scattering term to the zero-order model, which
represents the emission from the ground and the vegetation
layer that is single scattered from tree trunks, branches, and
leaves/needles in the case of forests and from thick stalks and
leaves in the case of agricultural crops like corn. The scattering
component Ωp(θ) is composed of eight terms representing
different scattering mechanisms which are given by

Ωp(θ) =
∑
j

{
Ω

(s1)
jp (θ) + Ω

(sr1)
jp (θ)

}
,

where j ∈ {G,U,D,DG} (9.b)

where the summation index j denotes the scattering-mechanism
types, i.e., the subscripts G, U , D, and DG refer to the scat-
tered radiation contributions due to ground emission, upwelling
emission, downwelling emission, and downwelling emission
followed by ground reflection, respectively. The processes of
scattering are shown in Fig. 3. The scattered radiation from each
mechanism arrives at the receiver either directly (denoted by
s1) or through reflection from the ground (denoted by sr1) as
shown in this figure. The explicit expressions for each scattering
term are as follows.

1) Scattered Ground Emission: This term represents the
ground emission that is scattered once from a particle in the
layer as shown in Fig. 3(a). The scattered radiation arrives at
the receiver either directly or through reflection from ground,
and both received signals are given, respectively, by

Ω
(s1)
Gp (θ) = sec θ

∫
2π

dΩ′
∑
q=h,v

Fpq(θ, φ; θ
′, φ′)A1pq(θ, θ

′)

× [1−Rgq(θ
′)] (10.a)

Ω
(sr1)
Gp (θ) = sec θRgp(θ)γp(θ)

×
∫
2π

dΩ′
∑
q=h,v

Fpq(π − θ, φ; θ′, φ′)

×A2pq(θ, θ
′) [1−Rgq(θ

′)] (10.b)

where the summation over q accounts for the possible polariza-
tion combinations and the integration over dΩ′ accounts for all
possible emitted radiation directions through which the emitted
signal is scattered from the vegetation layer and propagates
toward the receiver. The phase function Fpq(θ, φ; θ

′, φ′) is de-
fined in (1.e), and it represents collective scattering from a unit
volume within the vegetation layer. The quantities A1pq(θ, θ

′)
and A2pq(θ, θ

′) in (10.a) and (10.b) are the result of the
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TABLE I
CANOPY PARAMETERS FROM DESTRUCTIVE SAMPLING

Fig. 3. First-order scattering mechanisms: (a) Scattered ground emission,
(b) scattered upward emission from the vegetation layer, (c) scattered down-
ward emission from the vegetation layer, and (d) scattered reflected-downward
emission from the vegetation layer.

integration of the loss factors eκep(θ)z sec θ and eκeq(θ
′)z sec θ′

in
various combinations associated with the unit volume located
at z over the vegetation layer depth. These quantities are given by

A1pq(θ, θ
′) =

γq(θ
′)− γp(θ)

κep(θ) sec θ − κeq(θ′) sec θ′
(10.c)

A2pq(θ, θ
′) =

1− γp(θ)γq(θ
′)

κep(θ) sec θ + κeq(θ′) sec θ′
(10.d)

where the volume vegetation extinction coefficient κep(θ) and
transmissivity γp(θ) are defined in (1.c) and (6.b), respectively.

2) Scattered Upward Emission From the Vegetation Layer:
This term represents the upwelling emission that is scattered
once from a particle in the layer as shown in Fig. 3(b). The
scattered radiation arrives at the receiver either directly or
through reflection from the ground, and both received signals
are given, respectively, by

Ω
(s1)
Up (θ) = sec θ

∫
2π

dΩ′
∑
q=h,v

Fpq(θ, φ; θ
′, φ′)

× [A3p(θ)−A1pq(θ, θ
′)] [1− ωq(θ

′)] (11.a)

Ω
(sr1)
Up (θ) = sec θRgp(θ)γp(θ)

∫
2π

dΩ′
∑
q=h,v

Fpq(π−θ, φ; θ′, φ′)

× [A3p(θ)−A2pq(θ, θ
′)] [1− ωq(θ

′)] (11.b)

where the quantity A3p(θ) is the result of the integration of the
loss factors eκep(θ)z sec θ, associated with a unit volume located
at z over the vegetation layer depth. This is given by

A3p(θ) =
1− γp(θ)

κep(θ) sec(θ)
. (11.c)

3) Scattered Downward Emission From the Vegetation
Layer: This term represents the downwelling emission that is
scattered once from a particle in the layer as shown in Fig. 3(c).
The scattered radiation arrives at the receiver either directly or
through reflection from the ground, and both received signals
are given, respectively, by

Ω
(s1)
Dp (θ) = sec θ

∫
2π

dΩ′
∑
q=h,v

Fpq(θ, φ;π − θ′, φ′)

× [A3p(θ)−A2pq(θ, θ
′)] [1− ωq(θ

′)] (12.a)

Ω
(sr1)
Dp (θ) = sec θRgp(θ)γp(θ)

×
∫
2π

dΩ′
∑
q=h,v

Fpq(π − θ, φ;π − θ′, φ′)

× [A3p(θ)−A1pq(θ, θ
′)] [1− ωq(θ

′)] . (12.b)

4) Scattered Reflected-Downward Emission From the Vege-
tation Layer: This term represents the downwelling emission
that is reflected from the ground and is followed by scattering
once from a particle in the layer as shown in Fig. 3(d). The
scattered radiation arrives at the receiver either directly or
through reflection from the ground, and both received signals
are given, respectively, by

Ω
(s1)
DGp(θ) = sec θ

∫
2π

dΩ′
∑
q=h,v

Fpq(θ, φ; θ
′, φ′)A1pq(θ, θ

′)

×Rgq(θ
′) [1−γq(θ

′)] [1−ωq(θ
′)] (13.a)

Ω
(sr1)
DGp (θ) = sec θRgp(θ)γp(θ)

∫
2π

dΩ′
∑
q=h,v

Fpq(π−θ, φ; θ′, φ′)

×A2pq(θ, θ
′)Rgq(θ

′) [1−γq(θ
′)] [1−ωq(θ

′)] .

(13.b)
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Fig. 4. ComRAD microwave instrument system deployed over a stand of
Paulownia trees.

IV. INSTRUMENTATION AND EXPERIMENT

In this section, the experiment, along with the site infor-
mation and the microwave instrument system used during the
experiment, will be described. First, the ComRAD microwave
active/passive instrument system is introduced with more em-
phasis on its L-band radiometer since this paper is concerned
with passive data only. Then, the deciduous canopy and the
associated ground truth are described.

A. Combined Radar/Radiometer System

The microwave instrument system used in this study is an
outgrowth of a network-analyzer-based L-, C-, and X-band
polarimetric radar system developed jointly by the NASA God-
dard Space Flight Center and the George Washington Univer-
sity. The system is mounted on a 19-m hydraulic boom truck
and has provided reliable calibrated radar data in SM field
campaigns across the U.S. since the early 1990s. The truck
system has been upgraded with the addition of a dual-polarized
1.4-GHz total power radiometer and is called ComRAD for
combined radar/radiometer [36]. A novel broadband stacked-
patch dual-polarized feed resonates at both the 1.4-GHz
radiometer and 1.25-GHz radar frequencies, enabling both the
L-band radar and radiometer to share the same 1.22-m parabolic
dish antenna with 3-dB beamwidth of approximately 12◦. The
main purpose of this system is to provide microwave data
for verifying the applicability of active and passive instru-
ments in a combined manner for predicting the microwave
emission from soils. A photograph of the truck system tak-
ing measurements over deciduous Paulownia trees is shown
in Fig. 4.

ComRAD’s L-band radiometer is a total power radiometer
with a two-point internal calibration. The absolute accuracy and
the sensitivity of the instrument are of ±1 K and of ±0.1 K,
respectively. For internal calibration, the cold source is imple-
mented by an amplifier with an isolator attached to the input
and terminated by a 50-Ω matched microwave load, and the hot
source is made up of a commercial hot noise source along with
an attenuator. At an internal physical temperature of 45 ◦C, the
reference hot sources are 401.2 K and 395.4 K for h- and v-
polarized signals, respectively, and the cold sources are 154.5 K
and 142.7 K for h- and v-polarized signals, respectively. The
noise characteristics of the internal calibration sources were
determined as a function of internal ambient temperature at
the beginning of each field campaign. External calibration of
the radiometer is carried out during each measurement run
to correct the temperature variation and loss at the cables
connecting the receiver and antenna. This external calibration
is achieved using cold sky and ambient microwave absorber
targets.

B. Experiment

In an effort to improve our understanding of the microwave
properties of trees and their effect on SM retrieval algorithms,
a coordinated sequence of field measurements involving the
ComRAD active/passive microwave truck instrument system
was initiated in late summer 2006. During fall 2006 (initial
field checkout) and spring–fall 2007, ComRAD was deployed
to a planted deciduous tree test site at an experimental farm
run by the University of Maryland’s Central Maryland Re-
search and Education Center (CMREC) near Upper Marlboro,
Maryland [37]. This paper will concentrate on the radiometer
data collected in 2007 over stands of deciduous trees under
no-leaf (April 10 and 25) and full-canopy conditions (May
18 and 24) as shown in Fig. 5. Supporting ground-truth data
(including SM, ambient temperature, tree characteristics, etc.)
were also collected during experiments. The total amounts
of rainfall in the months of April and May for the Upper
Marlboro region were 118.6 mm (above normal) and 27.2 mm
(very dry, about half of normal), respectively, and the mean air
temperatures were 10.8 ◦C (below normal) and 18.9 ◦C (well
above normal), respectively. No precipitation occurred during
any of the microwave measurements.

The site at CMREC consisted of plots of planted stands of
deciduous Paulownia trees, a fast-growing deciduous tree with
broad leaves. The tree plot used in this paper had 92 trees in a
1089-m2 area. The dry biomass was about 9 kg/m2, while the
woody volume and density were 185.8 m3/ha and 477.6 kg/m3,
respectively. The diameter at breast height (DBH) ranged from
17 to 23 cm (average DBH = 19.4 cm). The tree heights were
variable, on the order of 11–14 m (average height = 13 m).
Radiometer data were acquired at the height of 19 m above
the ground level with incidence angles of 15◦, 25◦, 35◦, and
45◦ from nadir. The corresponding footprints on the ground at
these angles were 16.5, 20.1, 27.4, and 43.2 m2, respectively.
On experiment days, data were collected over a time span of
about 2 h mostly during early morning. During the radiometer
measurements, the truck boom was rotated in a conical scan
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Fig. 5. Paulownia trees during (a) no-leaf and (b) full-canopy conditions.

arrangement at 15◦ increments within a 60◦ azimuth span. The
resulting radiometer data for the tree plot at each incidence an-
gle are an average of data from the three azimuthal observation
locations.

Approximately coincident with the microwave measure-
ments, theta probes which were inserted vertically into the first
6-cm depth of the soil and handheld infrared thermometers pro-
vided VSM and surface soil temperature, respectively. Ground
measurements were taken at four arbitrary locations within each
field of view and averaged for each incidence angle. Although
the soil texture at the site was a loamy sand, consisting of 80%
sand and 7% clay, the poor drainage features of the site resulted
in generally wet soil conditions (VSM > 0.30 cm3 · cm−3).
The ground is flat with a relatively smooth surface, which
consists of relatively short grass and weeds that were cut a few
times during the year. The surface rms height was on the order
of 0.5–1 cm, which was rather low compared to the wavelength
at L-band.

The relative dielectric constants of the tree constituents were
measured at L-band (1.25 GHz) in situ using dielectric probes
connected to a vector network analyzer. The technique is based
on reflection from an open-ended coaxial probe. The measured
average relative dielectric constants are 35.2 + i5.3 for leaves,
12.0 + i2.9 for branches, and 15.6 + i3.8 for trunks. To permit
proper interpretation of the measured microwave signals, a

Fig. 6. Radiometric angular response from deciduous Paulownia trees is
plotted. The dash-dot, solid, and dashed lines trace the simulated values of
three models such as zero-order albedo, first-order scattering, and zero-order
scattering solutions, respectively, while the squares and triangles represent
v- and h-polarized measured data collected in April 2007, respectively.

representative tree outside the microwave footprint was cut
down and destructively sampled. Detailed measurements of the
size/angle distributions of the tree constituents (trunk, branches,
and leaves), along with their densities, were made. The results
from the canopy sampling and dielectric measurements are
shown in Table I. The canopy sampling measurements were
used in the model simulations described previously to produce
emitted radiation at the ComRAD incidence angles so that
simulation results can be compared with the measured data.

V. RESULTS AND DISCUSSION

In this section, a set of canopy and surface parameters from
the deciduous Paulownia stand is used to compute the response
of the passive sensor. The goal is to use a physically based
model such as the first-order RT approach to predict radiometric
measurements and evaluate how the radiometer response to
SM is modified by the forest canopy. The first-order scatter-
ing model will first be tested against the emissivity data (the
ratio between the measured brightness and the ground ambient
temperatures) from the deciduous Paulownia trees to verify the
model validity by comparing with dual-polarization multiangu-
lar data collected in April. The model response to the seasonal
and SM variations will then be evaluated. Once the model is
validated, the effects of scattering are illustrated to indicate the
model’s major advantages. Illustrations are provided to show
the contribution of each of the scattering processes described
in Section III-B to the total received emission. The dependence
of the scattering term on incidence angle and SM will also be
explored at the end of this section.

The forest models described in Section III are used to calcu-
late emissivity values at several incidence angles for the decid-
uous trees. To validate the first-order scattering model against
the measured data and compare it with the nonscattering and
zero-order scattering solutions, radiometric angular response
from the deciduous trees is plotted in Fig. 6. In this figure, the
nonscattering [the first term in (7)], the zero-order scattering
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Fig. 7. Effect of season [April 10 (no leaf) versus May 18 (full canopy)] and
SM [May 18 (VSM of 0.40 cm3 · cm−3) versus May 24 (VSM of 0.31 cm3 ·
cm−3) under full-canopy condition] at an observation angle of 35◦. The upper
plot shows h-polarization results, while the bottom plot shows v-polarization
results. The error bars represent the simulated first-order model results for the
range of surface rms heights of 0.5–1.0 cm.

(the τ−ω model), and the first-order scattering solutions are
denoted by dash-dot, dotted, and solid curves, respectively. Soil
with VSM of 0.38 cm3 · cm−3 and a surface rms height equal
to 0.9 cm was considered in the simulations. The square and
triangles represent the measured data which were collected in
April 10 (with VSM of 0.40 cm3 · cm−3) and April 25 (with
VSM of 0.36 cm3 · cm−3) under no-leaf conditions. The mean
air temperatures during microwave measurements for April
10 and 25 were 8 ◦C and 19 ◦C, respectively. As we see
from the plot, the first-order solution captures the angular and
polarization behavior of the data well, the τ−ω model under-
estimates the tree emissivity for both polarizations, and the
nonscattering solution overestimates the emissivity. The first-
order solution balances the scattering albedo darkening effect
with a single-scattering contribution for vegetation canopies
(with large scatterers). The scattering in tree canopies takes
place as a combination of reduction due to albedo and addition
due to the single scattering.

In order to understand the impact of SM variations and
foliation on the radiometric response, the measurements and the
model generated curves for emissivity for three distinct days
(April 10, May 18, and May 24) at an observation angle of 35◦

are plotted in Fig. 7. The solid line with triangular markers
at the data points shows measured h-polarization, while the
dashed line with square markers at the data points denotes
measured v-polarization. The error bars represent the simulated
first-order model results for the surface rms heights, σ, in the
range of 0.5–1.0 cm, where the lower ends of the bars represent
σ = 0.5 cm while the upper ends of the bars denote σ = 1.0 cm.
In the figure, emissivities of full canopy (May 18) and no-leaf
canopy (April 10) are compared, both of which had similar SM
conditions (with VSM of 0.40 cm3 · cm−3). Both model results
and measured data for these dates show that the radiometer
is able to resolve the change in tree state under the condition
that the SM does not vary. It is observed that the emissivity
increases as trees get foliated. This is due to the fact that the
contribution of the tree emission to the total emission increases

Fig. 8. Contributions of the individual scattering terms to the tree canopy
scattering.

in the presence of leaves since the leaves have a significant
effect on the canopy extinction and not much on scattering.

Fig. 7 also compares the effect of SM on the observed
emissivity. The two days in proximity to each other (May 18
and May 24) were chosen to insure that the tree state did
not change, but SM conditions were different. The mean air
temperatures during microwave measurements for May 18 and
24 were 13 ◦C and 21 ◦C, respectively. As expected, the model
predicts that emissivity increases with decreasing SM. This is
due to the fact that emissivity of the ground increases with
decreasing SM. A similar increase in measured emissivity is
observed as the SM decreases from 0.40 cm3 · cm−3 (May 18)
to 0.31 cm3 · cm−3 (May 24). For a fixed physical temperature
of T = 300 K, the change in brightness temperature for a
0.09-cm3 · cm−3 change in VSM is about 10 K. This clearly
shows that the radiometer is able to sense SM variations under
this type of tree canopy.

As a result of these model simulations and measurements
given in Fig. 7, it can be concluded that both the soil surface
and the tree canopy (SM and biomass) contribute together to the
observed brightness temperature. Appropriate corrections for
biomass must be made in order to make reliable SM estimation.
In a similar manner, appropriate corrections for SM are needed
to make reliable biomass estimation.

Fig. 8 shows significant terms contributing to the first-order
scattering as a function of incidence angle. Note that the scale
in plots on the right is given ten times finer than those on
the left side for comparison purposes. The top figures repre-
sent h-polarization, while the bottom plots show results for
v-polarization. The curve labels are defined in (9.b). As shown
in the plots, the direct scattering terms for both polarizations
due to upwelling (U-s1) and ground (G-s1) emissions are the
most significant terms contributing to the first-order solution.
The scattered upwelling (U-s1) emission is highly angular
dependent, while the scattered ground (G-s1) emission is fairly
constant over the range of angles plotted. Direct scattered
downwelling (D-s1) emission is somewhat significant, and the
reflected scattering (-sr1) terms are negligible compared to the
direct scattered (-s1) terms.
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Fig. 9. Effect of SM on the total scattering term at the ComRAD observation
angles (15◦, 25◦, 35◦, and 45◦).

In Fig. 9, the effect of SM on the total scattering term is
shown. It shows the magnitude of the first-order scattering
contribution over a range of VSM of 0.05–0.45 cm3 · cm−3 at
four different angles of observations. The plots indicate that
the single scattered radiation increases the canopy brightness
temperature considerably and it is mainly a function of the
incidence angle and polarization of the microwave observation
as also shown in Fig. 8. As the angle of observation increased
from nadir, the scattering contribution increases and becomes
more polarization dependent. This is because the v-polarized
electric field becomes more aligned with the vertical tree com-
ponents (vertical trunks and the tendency for the branches to
be vertically oriented). The scattering term is complex since it
is partly composed of single scattered energy that reflects from
and is radiated by the soil surface. For typical values of SM as
shown in the figure, the reflected scattering effect is negligible
when compared to the direct scattering terms. This means that
the scattering term is fairly constant over a wide range of SM
conditions as confirmed by Fig. 9. This, in turn, can enable us to
parameterize the scattering term with respect to specific vege-
tation types, anisotropic canopy structure, presence of leaves,
and/or understory irrespective of the knowledge of moisture
content of underlying soil.

VI. SUMMARY AND CONCLUSION

Despite the progress that has been made in the develop-
ment of global SM retrieval algorithms, accurately correcting
for the effects of vegetation scattering and attenuation over a
wide range of vegetation canopies remains one of the ongoing
challenges. In this paper, the development of a physically
based model was pursued by employing a first-order vegetation
scattering solution to RT equations. An analytical solution
method of the RT equations, based on the successive orders of
scattering, was described and used to calculate emission from
forested terrain. The zero- and first-order scattering solutions
were computed and compared with truck-based measurements
of brightness temperature at L-band over small deciduous tree

stands. It was found that the first-order scattering solution alone
produces a good agreement with the experimental data. The
first-order model was validated against multiangle deciduous
data, and its response to seasonal and SM variations was
also demonstrated. Contributions of the individual scattering
terms to total tree scattering were discussed. Significant terms
contributing to forest scattering were identified, and their de-
pendence on incidence angle and SM was shown.

As the simulation results indicate, the τ−ω model will need
modification (in terms of form or effective parameterization) to
enable accurate characterization of vegetation parameters when
applied over moderately to densely vegetated landscapes. More
scattering terms (at least up to first order at L-band) should be
included in the RT solutions for forest canopies due to the large
size of the tree canopy components with respect to wavelength.
We propose a new SM retrieval model called the τ−ω−Ω
model (the first-order RT model), given by

e(1)p (θ) =
[
1− γ2

p(θ)Rsp(θ)
]

− ωp(θ) [1 + γp(θ)Rsp(θ)] [1− γp(θ)] + Ωp(θ).

(14)

This model can be attractive for routine microwave SM
retrieval since the formula relating terrain emission is physi-
cally based, takes canopy scattering into account properly, and
requires few parameters. The new parameter Ωp(θ) depends
on polarization and incidence angle and is mostly SM inde-
pendent. This model could potentially overcome the vegetation
scattering limitation and thus could be used with SMAP and
SMOS data to increase the accuracy and reliability of SM
products over moderately to densely vegetated landscapes. The
implementation for this new SM inversion model is out of the
scope of this paper and is left as future work.
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